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ARYL HYDROCARBON (BENZO [A ]PYRENE) HYDROXYLASE: 
A MIXED-FUNCTION OXYGENASE IN MOUSE SKIN* -
F. J. WIEBEL, M.D., J. C. LEUTZ, B.S., AND H. V. GELBOIN, PH.D. 
Chemist!}' Branch, National Cancer Institute, National Institutes of Health, Bethesda. Maryland 
Mouse skin contains aryl hydrocarbon (benzo[a]pyrene) hydroxylase activity which is 
inducible by aromatic polycyclic hydrocarbons and benzoflavones. The duration and 
magnitude of induction, but not the initial kinetics, are dependent on the inducer dose. The 
cutaneous hydroxylase activity is inhibited by carbon monoxide and requires the presence of 
NADPH, indicating that the enzyme is one of the mixed-function oxygenases. The highest 
enzyme activity was found in the superficial layer of skin which contains the sebaceous 
glands and the upper pilary canals. Enzyme activities were intermediate in the epidermis 
and lowest in the deeper dermal layers. 
Aryl hydrocarbon (benzo[a]pyrene) hydroxylase 
is one of the group of inducible microsomal mixed-
function oxygenases which metabolize a wide vari-
ety of exogenous compounds such as drugs, car-
cinogens, and pesticides, and some endogenous 
substances such as steroids [1,2]. In mammals, the 
liver contains the highest level of hydroxylase 
activity; extrahepatic tissues generally contain 
lower levels of the enzyme [1,3,4]. Skin forms a 
major barrier against potentially toxic and carcino-
genic compounds. The metabolism of exogenous 
compounds by cutaneous enzymes may be an 
important factor in both the disposition and the 
ultimate biologic activity of these compounds. 
Several studies suggest that aryl hydrocarbon 
hydroxylase is involved in the activation of certain 
polycyclic hydrocarbons to carcinogenic forms in 
mouse skin [5-7]. Inhibitors of the hydroxylase 
reduce skin tumorigenesis by 7, 12-dimethylbenz [a]-
anthracene [5,6] and decrease the binding of this 
carcinogen to skin macromolecules [8]. Observa-
tions in various mouse strains suggest that a 
correlation exists between the inducibility of the 
hepatic hydroxylase and the susceptibility to sub-
cutaneous tumorigenesis by certain but not all 
carcinogenic polycyclic hydrocarbons [9]. Such 
correlation was also observed between the cyto-
toxic effect of polycyclic hydrocarbons in skin and 
inducibility of the hydroxylase [10 ]. Aryl hydrocar-
bon hydroxylase activity has been found in skin 
homogenates from mice [5], rats [11], and humans 
[12]. 
In view of the importance of this enzyme system 
in cutaneous cytotoxicity and carcinogenesis. we 
examined some of the properties of aryl hydroear-
bon hydroxylase in mouse skin, its presence and 
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distribution. the kinetics of induction. and its 
inducibility by various compounds. 
MATERIALS AND !\IETHODS 
Experimental procedure. NIH (general purpose) Swiss 
male mice that were random bred and weighed 20-24 gm 
were maintained on a standard diet (Purina). The backs 
of the mice were shaven with electric clippers one day 
before application of the chemicals. The amounts of the 
chemicals indicated were evenly applied to the backs in 
0.2 ml of acetone. Control mice received 0.2 ml of acetone 
only. Other groups of mice were injected intraperitone-
ally with the compounds in 0.2 ml of corn oil. 
Preparation of cutaneous tissues. Animals were killed 
hy cervical dislocation. The skin of the back (approxi-
mately 1.2 >. 1.0 inches) was removed and placed in cold 
0.25 ,; sucrose-0.05 " Tris-HC!. pH 7.55, solution. The 
skin was stretched on a board with pins. and the 
remaining hair was shaven off with a surgical blade 
(Bard-Parker. 101. Histologic examination (see Fig lA i of 
the shaven skins from several mice rarely showed small 
lesions of the epithelial surface. In some experiments a 
thin layer of tissue ("epidermis·) was sampled by scrap· 
ing until the surface of the skin lost its shiny appearance 
and acquired a slightly granular. duller appearance. 
More vigorous scraping yielded the superficial layer of 
the dermis. The remaining deeper layers of skin were 
minced before homogenization in sucrose-Tris buffer 
(().5·-0.8 mll. lf not staled otherwise. the cutaneous tissue 
preparations used for enzyme assays comprised the 
epidermal and superficial dermal layers fsee Results). 
Homogenates were prepared using glass~glass Potter-
Elvehjem homogenizers. The tissue samples were kept at 
4°C during the entire isolation procedure. 
ABsay of aryl hydrocarbon hydroxylase {AHH) activ-
ity. AHH activity in tissues was assayed by the procedure 
of Nebert and Gelhoin 113], a modification of the method 
of \Vattenberg et al [14 ]. The incubation mixture con-
tained in 1.0 ml: 50 !'moles of Tris-HCl, pH 7.6; 0.,)0 
I' moles of NADPH: :l11moles of MgCl,; 0.50 to 2.0 mg of 
cellular protein and 100 m11moles of the substrate, 
benzola]pyrene, added in 0.040 ml of methanol. The 
samples were incubated for 20 min at 37°C and the 
reaction was terminated on ice by the addition of 4.0 ml 
of an acetone:hexane (1 ::l) mixture. After shaking at 
37'C f{JT 10 min, 1.0 ml of the organic layer was extracted 
into 2.0 rnl of 1 " NaOH, and the iluorescence of this 
extract was immediately measured at :!98 nm excitation 
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and 522 nm emission. The fluorescence spectrum of the 
alkali-extractable benzofa)pyrene metabolites formed in 
cutaneous tissue preparations was similar to those of liver 
and of other extrahepatic tissues (unpublished observa-
tions). The production of tbe phenolic metabolites was 
linear in the range of protein concentrations used. Protein 
concentrations were determined by a modification of the 
method of Lowry et al [15] using ribonuclease A as 
standard. 
Materials. Chemicals were obtained from the following 
sources: benz [a !anthracene and benzo [a ]pyrene (BP) 
and 3-methylcholanthrene from Eastman Organic Chem-
icals; 5.6- and 7,8-benzoflavone ((3- and a-naphthofla-
vone) from Aldrich: phenanthrene and naphthacene from 
the Chemical Evaluation Branch, NIH; crystalline an-
thracene was kindly prO\·ided hy Dr. E. Weishurger. 
RESULTS 
Distribution of AHH Actiuity in Skin 
The approximate localization of AHH activity in 
skin was determined by separating the layers of 
cutaneous tissues as described above and measur-
ing their hydroxylase activity. Figure 1 shows 
sections of skin from Swiss mice after various 
degrees of scraping. Gentle scraping removes 
mainly cellular material of the epithelial layer and 
leaves the dermis largely intact (Fig. lBl. The 
subsequent, more vigorous scraping separates tis-
sues of the superficial dermis containing the seba-
ceous glands and pilary canals (Fig. ICI from the 
deeper layers of skin that include the lower parts of 
the pilary system and the cutaneous muscles. It is 
apparent that this procedure allows some "cross-
contamination" between the various fractions. As 
shown in Figure IB, stretches of the epidermis that 
are not removed during the first fractionation step 
will be contained in the sample of the adjacent 
superficial dermis. Similarly. in some areas the 
superficial layer is not separated from the deep 
layers during the second step of the fractionation. 
Although the separation of layers is imperfect. a 
consistent pattern in the distribution of hydroxyl-
ase is apparent (Tab. II. In control animals the 
highest levels of AHH activity occur in the superfi-
cial layer of dermis and the lowest levels in the 
deep layer. AHH specific activity in the epidermis 
is in an intermediate range. Due to the large 
proportion of the relatively inactive deep layer, 
hydroxylase activity in whole skin appears low. 
Similar distributions of AHH activities are found 
after induction of the enzyme by either topical or 
intraperitoneal application of benz [a ]anthracene 
(Tab. Il. AHH specific activity is highest in the 
superficial layer and lower in the epidermis. After 
topical application of inducer, the relatiw distri-
bution of AHH between these two la}•ers varies 
considerably (Tab. I). The reason for this variation 
is not clear. It may be due to the particular mode of 
induction. the "painting'' of the inducer on the 
skin surface. 
Since the total amount of AHH in the epidermis 
(AHH specific activity x amount of tissue) ap-
peared to be small compared to that in the 
superficial dermis. in the following experiments we 
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measured AHH activity in preparations containing 
both. the epidermal and superficial dermal layer. 
The reproducibility of the preparative procedure 
and enzyme assay was tested as follows: Skins from 
c 
FIG. 1. Dorsal skin of Swiss mice at ,·arious stages of 
experimental preparation. A, Intact skin: B, skin after 
removal of the epidermis; note the remaining stretches of 
the epidermal layer on the right side and the furrows on 
the left; C, skin after removal of the superficial dermis; 
note the association of sebaceous glands with the upper-
most row of pilory canals in A and B. Portions of the skin 
were removed by scraping as described in Materials and 
Methods. 
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TABLE I. Aryl hydrocarbon hydroxy lose activity in various strata of mouse skin• 
Aryl hydrocarbon hydroxylase activity" 
Benz (a )anthracene-treated 
Skin stratum Controls 
Topicalc Intraperitoneata 
6hr l6hr 19 hr 6hr 16hr 19hr 6hr 19hr 
Total skin 9 9 8 51 50 71 15 24 
Epidermis 9 18 20 14 40 583 22 46 
Dermis, superficial 27 57 49 238 398 700 77 83 
Dermis, deep 4 3 4 15 48 18 10 11 
• Samples of the various layers of skin were obtained as described in Materials and Methods and in Figure l. 
• Numbers represent the results from 3 independent experiments (6, 16, or 19 hr). Cutaneous tissues from the backs 
of 3 mice (16 hr) or 4 mice (6 and 19 hr) were pooled and aryl hydrocarbon hydroxylase activity was determined in 
duplicates as described in Materials and Methods. AHH activity is expressed as pmoles of phenolic products 
formed/mg protein/30 min. The variation of duplicate determinations was generally less than 10% of their mean and 
reached rarely 20%. 
'Benz[a]anthracene (0.3 mg in 0.2 ml acetone) was applied topically to shaven backs of Swiss, male mice (25 gm 
body weight). 
• Benz[a]anthracene (3.0 mg in 0.2 ml com oil) was injected intraperitoneally. 
the backs of 6 mice were divided along the verte-
bral line and enzyme activity was determined in 
preparations from both sides. In untreated ani-
mals, AHH activity in the two sides differed by 10 
to 15% from the mean; in animals treated with 300 
p.g BA topically, the variation was 3 to 8% from the 
mean. The AHH specific activities ranged from 16 
to 18 in untreated mice and 114 to 132 in inducer-
treated animals. The variation in AHH levels 
between animals whose skins are similar in appear-
ance and texture is comparable to the variation in 
hydroxylase levels of other tissues [3, 16]. The 
standard deviations of hydroxylase levels in 18 
groups of mice ( 4 to 8 each) of different inbred or 
outbred strains, untreated or inducer-treated and 
from separate experiments, were about 20% of the 
mean and approached 35 to 40% only in 3 of these 
18 groups. 
Properties of Aryl Hydrocarbon Hydroxylase in 
Mouse Tissues 
Table IT compares the activity of AHH from 
skin, lung, and liver in the presence of carbon 
monoxide and in the absence of exogenous 
NADPH. When NADPH is omitted from the 
incubation mixture, hydroxylase activity is re-
duced by 70% in skin homogenates and almost 
completely abolished in homogenates from lung 
and liver. We do not know why the enzymes in 
these tissues differ in their apparent in vitro 
requirement for NADPH. The amounts of endoge-
nous NADPH might differ due to different rates of 
NADPH production or utilization, but it is also 
possible that the hydroxylase in skin, or some of 
the hydroxylating activity, varies from those of 
lung and liver. Carbon monoxide inhibits hydrox-
ylase activity of skin by £0%, similar to the CO 
inhibition of hydroxylases of lung and liver, sug-
gesting the involvement of the hemoprotein, cyto-
chrome P-450. Thus the hydroxylase of mouse skin 
TABLE II. Requirement for NADPH and inhibition by 
carbon monoxide of aryl hydrocarbon hydroxylase in 
homogenates of mouse skin, lung, and liver" 
Aryl hydrocarbon hydroxylase 
Incubation conditions activity
11 
Skin Lung Liver 
Complete' 511 454 5616 
MinusNADPH 150 4 2 
N,:O, (90:10) 530 378 4840 
CO:O, (90:10) 222 216 1576 
• Homogenates of superficial layers of skin from 8 mice 
were prepared 16 hr after topical application of 0.3 mg 
benz[a]anthracene in 0.2 ml of acetone. Homogenates of 
liver and lung from 4 mice were prepared 16 hr after 
intraperitoneal injection of 3 mg benz[a)anthracene in 
O.Z ml of corn oil. 
' AHH activity was determined as described in Materi-
als and Methods. It is expressed as pmoles of product 
per mg protein per 30 min. 
'"Complete" incubation mixtures contained 50 
,umoles Tris-HCI, 3 ,umoles MgCI,, 0.2 ml of tissue 
homogenates in Tris-sucrose buffer, and 0.5 ,umoles of 
NADPH. Substrate (benzo[a]pyrene) in 0.04 ml metha-
nol was added immediately before incubation at 37"C. 
Gas mixtures were bubbled through complete incubation 
mixtures on ice at a flow rate of approximately 100 
mVmin. Substrate was added after 2 min and the gas 
bubbling was continued for another 2 min. Incubation 
flasks were then tightly stoppered and incubated at 37"C 
for lO min. 
has properties typical of the drug metabolizing 
mixed-function oxygenases [1,2,17 ]. 
Kinetics of Hydroxylase Induction 
Figure 2 shows that hydroxylase activity in-
creases rapidly during the first 8 hr after the 
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FIG. 2. Kinetics of aryl hydrocarbon hydroxylase in-
duction in mouse skin. Various amounts of benz[a)an-
thracene were applied to the skin in 0.2 ml of acetone. At 
various times skin preparations containing the epidermal 
and superficial dermal layers from 3 mice were pooled 
and AHH activity was determined in duplicate as 
described in Materials and Methods. AHH specific 
activity is expressed as pmoles of phenolic products/mg 
protein/30 min. Duplicate determinations varied less 
than 10% of their means. 
topical application of benz[a]anthracene. Follow-
ing the lowest dosage, 0.1 ~tmole, hydroxylase 
activity reaches a peak at 8 hr and declines during 
the following 8 hr to a level slightly elevated above 
control. After higher doses, enzyme activity rises 
initially at the same rate but continues to increase 
for another 8 to 18 hr. Thus, the initial kinetics are 
independent of the dose of inducer, but the dura-
tion of induction and the net magnitude of the 
increase depend on the inducer dose. From the 
decay of enzyme activity at the lower inducer 
concentrations a rough estimate of 4 to 6 hr can be 
made for the half-life of the induced enzyme. 
Induction of Cutaneous Aryl Hydrocarbon 
Hydroxylase by Various Polycyclic Hydrocarbons 
and Benzoflavones 
As shown in Table Ill, anthracene and its 
isomer, phenanthrene, cause only a small apparent 
induction 16 hr after topical application. Naph-
thacene appears to be a potent inducer and at least 
as effective as benz [a ]anthracene. Induction also 
occurs after application of the highly carcinogenic 
7, 12-dimethylbenz [a ]anthracene and 3-methyl-
cholanthrene and the synthetic flavonoids, 7,8-
benzoflavone and 5,6-benzoflavone. Although the 
different solubility, transport, and distribution 
characteristics of these compounds permit only a 
rough estimation of their capacities as AHH induc-
ers, the results indicate that the spectrum of 
inducing compounds of cutaneous AHH is similar 
to that of other extrahepatic tissues [1,4, 18]. 
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TABLE III. Induction of cutaneous aryl hydrocarbon 
hydroxylase by various aromatic polycyclic 
hydrocarbons• 
Additions ,umol-es AHHopecific activity 
Control 52 
Anthracene 0.10 52 
1.00 55 
Phenanthrene 0.10 59 
1.00 141 
Naphthacene O.Ql 176 
0.10 313 
Benz[a]anthracene 0.10 154 
1.00 628 
3-Methylcholanthrene 0.10 212 
7,12-Dimethylbenz[a ]- 0.10 220 
anthracene 
5,6-Benzoflavone• 0.10 165 
7,8-Benzoflavone• ip" 198 
" Compounds were applied topically to shaven backs of 
mice (3/group) in 0.2 ml of acetone. After 16 hr, cutane-
ous tissue was prepared and assayed for AHH activity as 
described in Materinls and Methods and under Figure 2. 
AHH specific activity is given in pmoles of phenolic 
productlmg protein/30 min. 
• Data on benzoflavones were taken from !5 ). 
'Three micromoles of 7.8-benzoflavone were injected 
intraperitoneally in 0.2 ml corn oil. 
DISCUSSJON 
Our results demonstrate the presence and induci-
bility of aryl hydrocarbon hydroxylase in mouse 
skin. The inhibition of the hydroxylase by carbon 
monoxide and its requirements for NADPH indi-
cate that the enzyme in skin belongs to the 
mixed-function oxygenases. Bickers et al [19] 
recently showed the presence of a hemoprotein in 
skin microsomes with an absorption peak charac-
teristic for one of the terminal cytochromes of 
mixed-function oxygenases. We observed the high-
est enzyme activity in the superficial dermis which 
contains the sebaceous glands and upper parts of 
the pilary canals. This is in agreement with histo-
chemical studies by Wattenberg and Leong I20J 
which showed an accumulation of phenolic benzo-
[a]pyrene products in the sebaceous glands and, 
depending on topical application of an inducer, in 
the upper portion of the hair follicle and the 
surface epithelium. Our techniques for the frac-
tionation of skin are rather crude and allow only a 
tentative localization of AHH in cutaneous tissues. 
More refined separation techniques or histochemi-
cal studies are needed to veri(y the present obser-
vations. 
Some polycyclic hydrocarbons require activation 
by the microsomal oxygenases to become cytotoxic 
and carcinogenic [5,21,22]. In view of this require-
ment for metabolic activation, the high activity of 
cutaneous AHH in the superficial dermis, presum-
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ably in the pilosebaceous apparatus [20], may 
explain two phenomena previously observed in 
skin: (1) sebaceous glands are highly susceptible to 
toxic effects of polycyclic hydrocarbons and can be 
selectively destroyed by topical application of 
these compounds [23-25 ]; (2) the absence or a 
reduced number of sebaceous glands correlates 
with lower cutaneous tumorigenesis [26-28]. Thus, 
Giovanella et al observed that hairless mice are 
much less susceptible to polycyclic hydrocarbon 
carcinogenesis than haired mice of the same strain 
[27 j. 
The presence of low levels of inducible AHH in 
cultured fibroblasts from skin [21] suggests that 
the cutaneous connective tissue also contains some 
hydroxylase activity. The present methodology 
does not allow an exact quantitation of AHH 
activity in the various cell types of skin. In view of 
the large amounts of extracellular. proteinaceous 
material in skin. which causes a considerable 
reduction in the apparent AHH specific activity 
the cutaneous appendages appear to contain sub-
stantial levels of AHH, at least comparable to the 
activities in other extrahepatic tissues such as 
small intestine or lung [3, 16 ]. Different thickness 
of skin and its strata makes it difficult to compare 
cutaneous AHH activities among various strains of 
mice which are known to differ widely in their 
hepatic and extrahepatic hydroxylase activities [3, 
10, 16, 29]. However, as indicated in this report, 
AHH determinations in skin preparations from 
well-matched animals of the same strain yield 
relative specific activities which are reproducible 
and appear to closely reflect the in vivo conditions 
such as the status of enzyme induction. Cutaneous 
AHH in mice appears to be similar to the enzyme 
in other extrahepatic tissues such as lung and 
kidney, and dissimilar to the hepatic enzyme with 
regard to the effect of enzyme inhibitors in vitro 
[30] and the genetically determined response to 
polycyclic hydrocarbon inducers in vivo [16. 29, 
31]. 
In the present studies, the stage of the growth 
cycle of hair, diurnal variations, or hormonal 
changes have not been taken into consideration. 
All of these factors may influence the activity of 
AHH in skin as has been shown for cytochrome 
oxidase or !'JADPH-cytochrome c-reductase [32]. 
Changes in AHH activity may be related to the 
different susceptibility to chemical carcinogens 
under those various conditions. 
In view of the broad substrate specificity of 
mixed-function oxygenases [1, 2j, the cutaneous 
enzyme may metabolize numerous xenobiotics 
other than polycyclic hydrocarbons and determine 
their ultimate biologic activity in skin. Previous 
observations indicated that inhibition or stimula-
tion of the enzyme alters the response to carcino-
genic polycyclic hydrocarbons [5,33]. Further 
knowledge of the hydroxylase in skin may enable 
us to modify the cutaneous effect of pharmacologi-
cally active compounds and to take protective 
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measures against harmful environmental chemi-
cals. 
We thank Miss G. Keller and Mrs. A. Grant for their 
skillful assistance in the histologic preparations. 
Note added in proof 
Cutaneous AHH activity of untreated and BA-treated 
(topically) Swiss mice has a pH optimum of 8.5 in a 50 
mM Tris, 50 mM glycine buffer. At pH 7.6, enzyme 
activity was reduced by 307C. and 15% in preparations 
from untreated and BA-treated animals, respectively. 
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